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14400 Düzce - TURKEY

e-mail: kkulekci@yahoo.com

Received 22.03.2001

Abstract

In this article, powder metallurgy processed metal matrix composites are tested under the strain control
loading conditions. The influence of volume fraction (17 and 25 vol%), particulate size (2.5 and 15 µm)
of reinforcement particles and strain ratio (R=0, R=0.5 and R= -1) are examined for 2124 Al-alloy-T4
composites. Increasing the content of SiCp results in the degradation of strain control fatigue properties. The
monotonic and cyclic stress-strain response of the 2124Al – (25 vol% 2.5 µm) SiCp composite was significantly
altered by strain ratio values. Fatigue cracks frequently initiated from intensively stress concentrated regions.
Increasing volume fraction and particle sizes result in early crack initiation.
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Introduction

Metal matrix composites (MMCs) have received sig-
nificant attention due to their excellent combina-
tion of physical and mechanical properties, such as a
low density, high tensile strength, enhanced stiffness,
high operating temperatures, and wear and creep
properties compared with conventional engineering
materials (Suresh et al., 1993). The fatigue be-
haviour of MMCs is a very important factor for many
engineering applications involving cyclic or dynamic
loading. It has been reported that incorporation of
hard ceramic particles resulted in low crack propaga-
tion rates, especially at low ∆K levels in composite
materials compared with their unreinforced counter-
part (e.g., Bonnen et al., 1990). However, it was
found that the presence of reinforcement particles in
MMCs dramatically reduces the low cycle fatigue re-
sponse of composites under strain controlled cyclic
loading conditions. An increased volume fraction
(Vf ) and particle size (Ps) of the reinforcement par-

ticles cause further reductions in low cycle fatigue re-
sponses (Srivatsan, 1992; Srivatsan, 1993; Srivatsan
et al., 1993). The reduction in the strain controlled
fatigue response of MMCs is attributed to several
factors. These include the stress concentration at the
hard ceramic particles, high dislocation density near
the interfaces, the brittle nature of ceramic particles,
low monotonic ductility, hydrostatic stress state de-
velopment and plastic flow constraint within the ma-
trix alloy (Everett and Arsenault, 1991; Llorca, 1994;
Srivatsan and Parash, 1994).

Various studies, both numerical and experimen-
tal, have been carried out for the monotonic stress-
strain behaviour of particulate and whisker rein-
forced Al-alloy composites (Corbin and Wilkinson,
1994; Llorca et al., 1991; Llorca et al., 1992) as well
as for the cyclic stress-strain behaviour of these com-
posites (Llorca, 1994; Han et al., 1995; Sasaki et al.,
1994; Srivatsan et al., 1991).

The objective of this study is to discuss the
strain controlled fatigue response of 2124 precipita-
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tion hardened Al-alloy reinforced with SiC particu-
late. The efects of volume fraction (Vf ) particle size
(Ps) of reinforcement and strain ratio (R) are exam-
ined under strain control conditions in various strain
ranges. Direct comparisons between monotonic and
cyclic stress strain responses are also considered. Fa-
tigued samples are examined using scanning electron
microscopy in order to understand the failure mech-
anism (SEM).

Materials and Experimental Procedure

The tested materials were commercial 2124 (Al-Cu-
Mg-Mn) Al-alloy with 17vol% and 25vol% with SiC
particles. All of the materials, which were referred
as AMC217 (17vol% 2-3 µmSiCp), AMC225 (25vol%
2-3 µm SiCp), LAMC217 (17vol% 10-20µm SiCp),
and LAMC225 (25vol% 10-20 µm SiCp), were pro-
duced by Aerospace Composite Materials (UK) using
powder metalurgy (P/M) processing. Mayes servo-
hydraulic machines were used for strain controlled
tests. Prior to the machining process a solution
treatment was applied at 505 oC for 1 hour, followed
by quenching into cold water. The materials were
then naturally aged at room temperature for 100
hours. The alloy composition is given in Table 1.
Typical micrographs of the AMC217 and AMC225
composites are shown in Figures 1a and b.

Cylindrical hourglass-shaped specimens that
have 6mm diameter and 65mm long gauge sections
were machined from the extruded bars. The length
to diameter ratio was chosen so as to assure that
specimens would not bend under compressive load-
ing. The stress axis of fatigue was parallel to the ex-
trusion direction. Three different strain ratios (R=
-1, fully reversed, R=0.5 and R=0 zero tension) were
used with a triangular waveform of loading and a
strain rate of 10−3 s−1. An axial 9mm extensome-
ter was attached to the gauge section of the sample
to check the total strains. The stress-strain (σ − ε)
hysteresis loops were recorded by computer.

The fracture surfaces of the specimens after fa-
tigue testing were examined using a JEOL 35c type
scanning electron microscope at an operating volt-
age of 20 kV. Fatigued specimens at various strain
ranges and strain ratios were selected in order to
study the characteristics of the fatigue crack forma-
tion and growth.

Figure 1a. Microstructure of the AMC217-T4 (17 vol %
2.6µm SiCp) fine particulate MMC.

Figure 1b. Microstructure of the AMC225-T4 (25 vol %
2.4µm SiCp) fine particulate MMC.

Results and Discussion

The effect of volume fraction and particle size
on low-cycle fatigue response (LCF)

The influence of discontinuous SiCp reinforcement
on the strain controlled fatigue life response of the
AMC217 and AMC225 composites can be seen in
Figure 2. Cyclic strain life resistance significantly
decreased when SiCp content increased from 17vol%
to 25vol% at R=0 strain ratio. The effect of the
volume fraction (Vf ) of reinforcement particles was
marked at all strain range levels (in particular, at an
equivalent strain range of 0.41 the degradation was
as high as 95% in AMC225 with Vf=0.25). Lim-
ited experiments were carried out for understanding
the effect of particle sizes. The particle sizes (2.5
and 15µm) did not significantly alter the strain con-
trolled fatigue life response of MMCs at R=0 (Figure
2). However, many researchers (Srivatsan and Au-
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radkar, 1992; Srivatsan and Parash, 1994; Karma et
al., 1998) reported that introducing the high volume
fraction and coarse reinforcement size significantly
reduced the LCF properties of similar composites.
Similarly, fatigue lives of circular cylindrical speci-
mens under the strain control are shown in Figure
3 in terms of the R=-1 strain ratio. It was clearly
observed that the fatigue life of the AMC225 was
much shorter than that of the AMC217 material at
the high strain range levels. However, the life differ-
ence decreases with decreasing strain range.

It is well documented that strain control fatigue
data on plain laboratory specimens can be repre-
sented by the summation of elastic and plastic strain
components (Manson and Hirschberg, 1964).

∆εt = Cp(Nf )α1 +Ce(Nf )α2 (1)

where ∆εt the total strain range, Nf the number of
cycles, α1 the plastic strain exponent, α2 the elas-
tic strain exponent, Cp the plastic strain constant
and Ce the elastic strain constant at Nf=1. Typical
elastic and plastic best-fit curves of the AMC225 are
shown in Figure 4 and elastic and plastic coefficients
of these lines are collected in Table 2 for each con-
dition. It can be seen from Table 2 that increasing
Vf and Ps significantly reduces the elastic and plas-
tic coefficient and constant of the composites. This
may suggest that the coarse SiC particles reduce the
fatigue life of the composites compared to their fine
particulate counterparts. This is logical because the
increase of SiCp content in matrix material will con-
centrate highly localized plastic deformation around
the particles (Everet and Arsenault, 1991).
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Figure 2. The effect of partical size and volume fraction
of reinforcement particles on the strain con-
trolled fatigue life response of composites at
R=0 conditions.
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Figure 3. The effect of reinforcement volume fraction on
strain controlled fatigue life response of the
AMC217 and the AMC225 composite materi-
als at R=-1 conditions.

Table 1. Chemical composition of the 2124 Al-alloy composites

Element Cu Mg Mn Fe Si Others Al
Weight % 3.86 1.50 0.6 0.01 Max 0.05 Max 0.1 Max Balance

Table 2. Coefficients to describe the strain control fatigue response of MMCs.

R ratio Material α1 Cp α2 Ce
0 AMC217 -0.3271 0.0729 -0.0132 0.0036
0 LAMC217 -0.276 0.0565 -0.0087 0.0017
0 AMC225 -0.311 0.0553 -0.0088 0.00223
0 LAMC225 -0.16 0.02344 -0.0088 0.0018

0.5 AMC225 -0.193 0.02511 -0.00876 0.0063
-1 AMC225 -0.139 0.0199 -0.00876 0.00112
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Figure 4. Elastic and plastic best fit curve of the
AMC225 at R=0.

With continued cyclic straining, many micro-
cracks would initiate over the poles of SiCp and
rapidly link to form a macroscopic crack. The prop-
agation of these cracks will be faster than that of
the fine particulate and low volume fraction com-
posites (Sasaki et al., 1994). Moreover, comparison
of the LCF properties of base Al-alloys and compos-
ites revealed that, base materials had a significantly
superior life response at the same strain amplitudes
than composites. This was attributed to the low
monotonic ductility of the composites, stress concen-
tration, high dislocation density at interfaces, resid-
ual stresses which induce the particle fracture and
debonding (Han et al., 1995; Li and Ellyin, 1996;
Llorca, 1994). Hence, an increase in Vf and Ps will
reduce the tensile ductility of composites, and also
reduce the LCF properties. A primary factor con-
tributing to these lower life times was related to the
concentration of plastic strains. Although the com-
posites were deformed to an equivalent average plas-
tic strain, considerably higher local plastic strains
were subjected over the pole of the SiCp. Thus, a
higher degree of fatigue damage was induced in these
locations than would be anticipated from the average
plastic strain inside the composite material (Suresh
et al., 1993).

The cyclic stress-strain response of MMCs is il-
lustrated in Figure 5 at the first cycle and R=0 strain
ratio. The first cycle increasing Vf of reinforce-
ment SiC particles increased the hyteresis loops of
the stress responses of MMCs. However, the pres-
ence of coarse reinforcement particles (10-20µm) in
AMC217 and AMC225 materials did not modify the
first cycle stress response. There was an asymmetry
in the stress response between tension and compres-
sion, which can be attributed to the influence of the
thermo-residual stress distribution in the composite
(Srivatsan et al., 1994).
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Figure 5. The first cycle stress-strain response of MMCs
at R=0 and 1% strain at room temperature.

Typical maximum and minimum stresses for the
number of cycles are shown in Figure 6. The com-
pression stress response of the MMCs improves due
to the increase in the reinforcement particles. Al-
though these materials were tested under the same
conditions, the increased Vf of SiC particles caused
more than 50% life degradation. Also, it is clear that
both tensile and compressive stresses were stabilised
after a few decades of cycles. This stability was typ-
ical for all variants of composites and all different
strain range levels.

The cyclic stress amplitude response during a to-
tal strain controlled fatigue test versus normalised
(percentage) number of cycles (N/Nf ) at a different
strain range for 2124+SiCp composites is shown in
Figure 7. At all strain ranges, materials progressively
hardened and occasionally softened only prior to the
failure. The cyclic hardening response dominated for
the fatigue lives (10-20%) and the cyclic stable be-
haviour dominated for fatigue lives (80-90%). The
specimen subjected to higher strain ranges showed
more cyclic hardening for a given condition. It is
revealed that the MMC containing a high Vf and
small Ps has, greater cyclic strength and degree of
hardening than others. The overall degree of cyclic
hardening decreased with a decreasing Vfand coarse
Psof SiCp reinforcements. The possible micromech-
anisms governing the hardening behaviour during
cyclic straining may be related to a combination of
the following changes in the material structure (Sri-
vatsan and Auradkar, 1992):

(a): Load transfer between the soft ductile ma-
trix and the hard brittle ceramic particles

(b): Presence of a pre-existing dislocation den-
sity caused by the SiCp

(c): Presence of intermetallic particles and small
precipitates

(d): Residual stresses in the MMC
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Figure 6. Typical maximum-minimum stress life re-
sponse of coarse particulate MMCs at 1%
strain range and R=0.
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Figure 7. Comparison of the effect of cyclic total strain
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particulate reinforced MMCs with all different
variants at R=0. N/Nf denotes percentage life.

However, hardening behaviour was less marked,
and most of the fatigue lives saturation (stable) be-
haviour occurred after a few decade cycles and con-
tinued until failure in the present composite mate-
rials. This stable behaviour was assumed to be as
a result of mobile dislocations which were blocked
between the SiC particles and precipitates to accom-
modate the plastic strain without further hardening
(Llorca, 1994). At very low strain ranges (∆ε = 0.4),
the elastic behaviour of the composite was linear.
Thus, cyclic strain hardening or softening was not
observed during the fatigue life.

The monotonic and cyclic stress-strain curves for
AMC217 and LAMC217 MMCs are presented in Fig-
ure 8a. The cyclic stress response was slightly lower
than monotonic stress response, and at a mid-strain
ratio it did not modify the cyclic stress response of
AMC217 material.

Comparison of monotonic and cyclic stress-strain
behaviour of AMC225 and LAMC225 MMCs is pre-
sented in Figure 8b. Similarly, 25vol% SiCp reinforce

composites were cyclically stable compared to the
monotonic response. The size of the reinforcement
particles did not change this stability.
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Figure 8a. Comparison of monotonic and cyclic stress-
strain response of the 17vol% SiCp composites
at R=0 and R=-1 conditions.
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Figure 8b. Comparison of monotonic and cyclic stress-
strain response of the 25vol% SiCp compos-
ites at R=0 condition.

The effects of strain ratio on LCF

The strain control fatigue response of AMC225
(2124+25 vol% 2-3µm SiCp) material was tested us-
ing three different R ratios and various strain range
levels. A typical fatigue life response of AMC225 ma-
terial is shown in Figure 9. It was revealed that for
the zero-tension tests, strain controlled fatigue life
was slightly better than the fully reversed fatigue
life response at high strain ranges. However, reduc-
tion of fatigue lives was observed at R=0 in the of
low strain range levels compared with R=-1 ratio.
The strain controlled life response of the composite
was reduced by increasing the R ratio from R=0 to
R=0.5 because of the very high amount of stress and
strain response. Similar results were obtained with
load controlled fatigue life response of the same ma-
terial (Suresh et al., 1993).
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Figure 9. The influence of the three different R ratios
on strain controlled fatigue life response of
AMC225 material in air.

The comparison of the first hysteresis loops and
stabilised loops is presented in Figures 10a-c at three
different R ratios and 1% strain range level. Four dif-
ferent types of R ratio effect were observed in these
figures:

(a): Maximum tensile stresses the were same
as the stabilised loops response (N1=N312=555MPa,
∆εt = 1%). However, compressive stresses were sig-
nificantly increased or hardened due to the resid-
ual stress in MMC at R=0 (N1=-400MPa, N312=-
490MPa, ∆εt = 1%). The same effect of R ratio was
seen at all strain range levels.

(b): The stabilised tensile and compression
stresses were increased when compared with the first
cycle stress response at R=-1 ratio (N1=564MPa and
–455 MPa, N145=565 MPa and –490 MPa, ∆εt =
1%). Similar results were also observed at different
strain ranges.

(c): Although the tensile stress response slightly
decreased at stabilised loops, the compressive stress
significantly increased when compared with the
first cycle stress response at R=0.5 strain ratio
(N1=600MPa and –390MPa, N90=595MPa and –470
MPa at ∆εt = 1%). The compressive stresses were
quite low, but the tensile stresses were very high
when compared with the two other R ratio levels.
Very high maximum tensile stress caused a decrease
in the fatigue life response.

(d): The cyclic plastic strain ranges were sig-
nificantly altered by R ratios. The measured plas-
tic strain ranges are given in Table 3. It can be
seen that there were significant reductions in plas-
tic strain ranges with increased R ratios. It is also
worth noting that the cyclic plastic strains decreased
in the stabilised loops while the total strain ranges
were constant.
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Figure 10c. First and stabilised loops stress-strain re-
sponse of AMC225 material at R=0.5 and
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The cyclic and monotonic stress-strain response
of AMC225 material is shown in Figure 11. MMC
had a strain hardening regarding the R=0.5. The
MMC had softened during cyclic straining at low
strain ranges and at increased strain ranges. Mono-
tonic and cyclic stress response were superimposed at
R=-1. The monotonic and cyclic stress response of
the material was mostly stable at R=0. These results
explain that the highest stress response of AMC225
caused the least fatigue life response at R=0.5. The
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Table 3. Measured plastic strains at first and stabilised loops at various total strain ranges for AMC225 MMC.

Total strain and measured cyclic plastic strains at first and stabilised cycles
R ratios ∆εt = 1% ∆εt = 0.8− 0.85% ∆εt = 0.6% ∆εt = 0.4− 0.5%

0 N1=0.54% N312=0.4% N1=0.216% N800=0.098% N1=0.6% N5680=0.05% N1=0.038% N26600=0.018%
-1 N1=0.48% N145=0.42% N1=0.25% N2200=0.12% N1=0.093% N3500=0.047% N1=0.024% N40000=0.013%

-0.5 N1=0.39% N90=0.39% N1=0.146% N1930=0.07% N1=0.051% N7610=0.049% N1=0.0197% N15800=0.019%

stabilised stress response of MMC had an average fa-
tigue life response at R=0.5 and the cyclically soft-
ened MMC had the greatest fatigue life response at
R=-1 during the strain controlled fatigue test.

The cyclic best-fit lines can be obtained through
the following equation:

∆σ/2 = K(εp/2)n (2)

where ∆σ/2 is the cyclic stress amplitude, K is the
cyclic fatigue coefficient, εp/2 is the plastic strain
amplitude and n is the cyclic hardening exponent.
The resultant coefficients are given in Table 4. It can
be seen that both values were increased. The effect
of R ratios with respect to the Coffin-Manson rela-
tionship is presented in Table 2. The cyclic stress-
strain responses of AMC217 and IMI834 materials
were extensively discussed by Bache et al., (1995).
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Figure 11. Comparison of cyclic and monotonic stress-
strain response of AMC225 MMC material
with different strain ratios under the strain
controlled fatigue conditions.

Fracture surface studies

Examination of the strain controlled fatigue fracture
surfaces of the deformed plain specimens in the SEM
were carried out at low magnification to identify the
overall fracture and fatigue initiation and at the high
magnification to describe the fatigue fracture mode
and particle matrix interaction. Representative frac-
tography of the fracture surface features at low mag-
nification is shown in Figure 12. On a macroscopic
scale, the fracture surfaces were found to vary with
SiCpcontent in the 2124 matrix. An increased rein-
forcement volume fraction and particle size caused
more brittle and flat fracture surfaces. All fracture
surfaces were roughly 90o to the applied stress axis.
River-like patterns from the nucleation region can
be seen in Figure 2. At high magnification, exami-
nation of nucleation sites revealed that crack initia-
tion emerged by the following features under strain
controlled fatigue conditions: (a): Copper-rich in-
termetallic large particles around 40µm (Figure 13).
(b): Large SiC particles as big as 25µm. (c): Ex-
tremely large SiO2 particles as big as 300 µm. (d):
Indistinguishable initiation, suggesting that the nu-
cleation arises from the secondary machining pro-
cess.

For a similar volume fraction and particle sizes of
SiCp reinforced fracture surface revealed very simi-
lar topographies at high intermediate and low cyclic
strain ranges at all different strain ratios. However,
at high magnification, fracture surfaces were found
to vary with reinforcement content and sizes. Four
characteristics were observed in the study of fracture
surfaces at high magnification.

Table 4. Coefficients to describe plastic cyclic stress-strain curves for AMC225 material at different R ratios.

R ratio K n Strain Range
-1 1801 0.2 0.004 – 0.01
0 1945 0.224 0.005 – 0.01

0.5 2245 0.243 0.003 – 0.01
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Figure 12. Low cycle fracture surface of AMC225 ma-
terial (∆εt = 1%, R=-1, Nf=235 cycles,
σmax = 530MPa, Hz triangular wave from in
air)

Figure 13. Copper-rich intermetallic particle, at the nu-
cleation region of the AMC225 material at
above conditions.

1. All fracture surfaces had a dimple morphology,
which indicates ductile fracture mode. Most of
these dimples resulted from fracture or deco-
hesion of SiC particles.

2. There were mainly two dimple populations:
the first one was related to SiC particles and in-
creased in size as the size of the reinforcement
particles were increased. The second popula-
tion consisted of very small dimples (≈ 1µm)
located in the space between the reinforcement
particles associated with fine intermetallic par-
ticles (Figure 14).

3. The particle cracking and cleavage between
SiCpand matrix material became more evident

as the SiCp size and content increased (Uygur,
1999). There were a few observations of pull
out of particles from the Al-matrix, which in-
dicates quite a good interfacial bonding (Figure
15).

Figure 14. SEM picture showing coarse and fine
ductile dimples on the fracture surface
of AMC225 material (∆εt=0.4%, R=-
1, Nf=50000 cycles,σmax=440 MPa, 1
Hz triangular wave form in air)

a). Pull out. b). Small dimples. c). Particle

cracking and cleavage.

Figure 15. High magnification SEM picture show-
ing particle cracking cleavage between
SiC particle and matrix material on
fracture surface of the LAMC217 ma-
terial at R=0, (∆εt=1% in air.
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4. The larger SiC particles tend to crack or cleave
during cyclic deformation while the finer par-
ticles tend to decohere from the matrix to pro-
duce ductile dimples. Overall fracture surfaces
clearly indicated that the cyclic deformation
properties of Al-alloy matrix were significantly
altered by the presence of reinforcement parti-
cles (Suresh et al., 1993). Therefore, increasing
the content of the reinforcement particle leads
to crack propagation and early crack initiation,
which results in a reduction in the fatigue re-
sistance of the materials.

Conclusions

From the results presented above, the following con-
clusions can be drawn:

1. Increasing volume fraction and particle size of
reinforcements decreased the strain controlled
fatigue life response of the composites. A
higher volume fraction and finer particulate
sizes of the SiCp resulted in an increase in hard-
ening behaviour with fatigue lives.

2. Comparison of monotonic tensile stress-strain
response and cyclic maximum stress-strain re-
sponse of AMC225 composite showed sta-
bilised behaviour at R=0 strain ratio. Simi-
lar stabilised behaviour was observed at high
strain levels at fully reversed (R=-1) strain ra-
tio. However, the composite showed cyclic soft-
ening at low range levels. The composite mate-
rial showed cyclic hardening at the R=0.5 con-
dition in almost all strain levels.

3. Cyclic stress amplitude response of 2124 25%
2-3µm SiCp-T4 Al-alloy revealed some initial
hardening at almost all strain ranges. How-
ever, most of the normalised fatigue lives (80-
85%) were stable until failure at room temper-
ature under the strain controlled fatigue con-
ditions.

4. For given volume fractions and particle sizes,
fracture morphology was found to be essen-

tially matrix dominated and similar in appear-
ance in fracture surface for the different strain
range and strain ratios in the composite ma-
terials. Fracture surfaces of the composites
revealed an overall brittle appearance on a
macroscopic scale. However, the presence of
ductile dimples and their coalescence on a mi-
croscopic scale ensured the general fracture be-
haviour, which was ductile mode, caused by
void nucleation. Propagation and coalescence
of voids at intensive damage regions were ob-
served (i.e. cluster of particles, coarse particles
of SiC particles).

Nomenclature

R strain ratio
∆K stress intensity factor
Vf volume fraction
Ps particle size
T4 solution treatment + naturally aged
σ stress
∆ K stress intensity factor (Kmax-Kmin)
ε strain
∆εt total strain range
Nf tumber of cycles until failure
α1 plastic strain exponent
α2 elastic strain exponent
Cp plastic strain constant at Nf= 1
Ce plastic strain constant at Nf= 1
∆σ/2 cyclic stress amplitude
K cyclic fatigue coefficient
εp plastic strain amplitude
n cyclic hardening exponent
SiCp SiC articulate
MMCs metal matrix composites
LCF low cycle fatigue
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